LPS-inhibited osteoblastic differentiation plays an important role in the pathogenesis of osteomyelitis. Thus, searching for drugs that affect LPS-mediated osteoblastic differentiation may be crucial in developing therapies for osteomyelitis. The purpose of this study was to investigate the role and mechanisms of resveratrol, a natural polyphenol present in red wine, on LPS-inhibited osteoblastic differentiation.
Background
Osteomyelitis is a serious chronic inflammatory disease in elderly people that threatens quality of life [1] . It has been reported that chronic osteomyelitis results from dysregulation of bone formation and reabsorption [2] . At present, no effective strategy is available to prevent or suppress this action. Lipopolysaccharides (LPS), a major component of gram-negative bacterial membranes, is recognized to be responsible for the inflammatory osteolytic diseases, including osteomyelitis, implants infection, and septic arthritis [3] [4] [5] . Further studies showed that LPS suppresses osteoblastic differentiation and induces bone loss by stimulating the production of proinflammatory cytokines such as tumor necrosis factor-a (TNF-a), which affects bone structure through the inhibition of osteoblast function and stimulation of osteoclast formation directly and indirectly at the cellular level [6] [7] [8] . Thus, searching for drugs that affect LPS-mediated osteoblastic differentiation may be crucial in developing therapies for osteomyelitis.
Resveratrol (RSV), a natural polyphenol present in red wine, has been well documented to have many beneficial effects to extend the life span and improve health [9, 10] . Previous studies suggested that RSV also possesses potent bone-protective properties [11] [12] [13] [14] . Mizutani et al. [12] found that RSV promoted osteoblast differentiation in mouse calvaria osteoblast-like cells MC3T3-E1. Durbin et al. [14] showed that RSV consumption prevented bone loss in the hind-limbs of rats. In addition, recent research by Ornstrup et al. suggested that RSV improves LPS-inhibited osteoblast differentiation in vitro [11] . However, the mechanisms by which RSV attenuate LPS-inhibited osteoblast differentiation remain elusive.
RSV was confirmed to mediate cell function through targeting Sirt1 [15] , which can positively regulate the peroxisome proliferator-activated receptor g coactivator, PGC-1a [16, 17] . Sirt1 and PGC-1a signaling are involved in the regulation of RSV in mitochondrial function. Thus, it is not clear whether the improvement of mitochondrial function by RSV alleviates LPSinhibited osteoblast differentiation.
Therefore, in the present study, we used a cellular LPS-induced model of bone degradation in MC3E3-T1 to determine whether RSV has bone-protective effects, and to explore the underlying mechanisms.
Material and Methods
Cell culture and treatment A mouse calvaria-derived preosteoblast cell line, MC3T3-E1 (ATCC; Manassas, VA), was used as a model of osteoblasts, as previously reported [18] . Cells were cultured in DME media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution in a humidified culture chamber under conditions of 95% air and 5% CO 2 at 37°C. Before treatment, cells were planted in tissue culture-treated plates (Corning, China) and grown to 85% confluence. To examine the effect of LPS on mitochondrial function, a variety of concentrations of LPS were used to incubate the cells (0, 0.5, 1, and 2 μg/ml) for 24 h according to a previously described method [19] . To study the effects of RSV on LPS-influenced mitochondrial function, cells were incubated for 24 h with LPS alone, LPS + RSV, or vehicle solution according to a previously published method with minor modifications [12] . MC3T3-E1 cells with 85% confluence were first cultured in osteogenic differentiation medium. After 48 h, the cells were incubated with LPS alone or in the presence of RSV, and those cells treated with vehicle were used as control.
MTT assay
Cells were seeded in a 96-well plate and subjected to LPS (2 μg/ml) stimulation in the presence or absence of RSV (25 μM). After treatment, 20 μl MTT was added to each well and incubated for 4 h at 37°C, followed by addition of 150 μL DMSO (dimethyl sulfoxide) to dissolve the formed purple formazan dye. Then, a scanning muti-well spectrophotometer (Multiskan MK3, Thermo Scientific, USA) was used to measure the absorbance at 490 NM. The vehicle-treated control group was taken as 100% cell viability and all other groups were normalized to this value.
Measurement of mitochondrial ATP concentration
Determination of ATP concentration in mitochondria of MC3T3-E1 was performed using an ATP assay kit (Beyotime, China) based on a previously published method [20] . Briefly, the culture medium of MC3T3-E1 cells from different groups was discarded, and cells were lysed with lysis buffer on ice. The lysed samples were centrifuged (10,000×g, 5 min, 4°C), and the supernatant was collected for ATP determination. Then, signals from luciferase-catalyzed fluorescein reaction were detected using a microplate reader (Bio-Rad, Hercules, CA). The obtained values were finally calculated to determine the changes in mitochondrial ATP levels of MC3T3-E1.
Measurement of mitochondrial membrane potential (MMP)
MMP was detected using fluorescent probe JC-1 (Beyotime, China) in accordance with the manufacturer's instructions. Briefly, adherent MC3T3-E1 cells from different groups were rinsed with PBS and incubated with JC-1/DMEM (1: 1) for 20 min at 37°C. After staining, cells were washed twice using JC-1 staining buffer. Then, fluorescent signals were detected using a fluorescence microplate reader (Bio-Rad, Hercules, CA). The wavelengths of excitation/emission (Ex/Em) for red fluorescent J-aggregates were set at 525 nm/590 nm, and at 490 nm/530 nm for green fluorescent monomer. The ratios of J-aggregates and monomer were finally calculated to determine the MMP of MC3T3-E1.
Measurement of mitochondrial superoxide production
Cellular superoxide production in mitochondria was detected using the MitoSOX™ Red mitochondrial superoxide indicator (Molecular Probes, Eugene, OR) according to the manufacturer's protocol and a previously published method [21] . Briefly, adherent MC3T3-E1 cells from different groups were incubated with MitoSOX™ reagent working solution (5 μM) at 37°C in the dark for 10 min. After incubation, cells were rinsed 3 times using warm Hank's balanced salt solution containing Ca 2+ /Mg 2+ (HBSS; Gibco, USA). Then, fluorescent signals were detected using a fluorescence microplate reader. The wavelengths of Ex/Em were set at 510 nm/580 nm. Relative fluorescence was finally calculated to indicate the mitochondrial superoxide production of MC3T3-E1.
RNA extraction and quantitative real-time PCR (RT-PCR) analysis
For the detection of osteogenesis-related genes, total RNA was extracted from MC3T3-E1 cells using TRIzol reagent (Takara, Japan), and cDNA was synthesized using PrimeScript™ RT Master Mix (Takara, Tokyo, Japan) by reverse transcription according to the manufacturer's protocols. Then, the transcription levels were determined by RT-PCR with the SYBR Green PCR kit (Takara, Tokyo, Japan) utilizing the ABI PRISM 7500 sequence detection system (Life Technologies Corporations, Carlsbad, CA). The PCR reaction system consisted of 1 μl cDNA, 10 μl SYBR ® Premix Ex Taq (Takara), and 0.25 μM of each paired primer in a total volume of 20 μl. The reaction condition was: initial denaturation at 95°C for 30 s followed by 40 cycles at 95°C for 5 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s [22] . Arithmetic formulae (2-DDCt method) were applied to determine relative changes in gene expression over the internal control, b-actin [23] . The primer sequences of ALP, OCN, OPN, RUNX2, and b-Actin were obtained from Shanghai Sangon Company (Table 1 ; Sangon, Shanghai, China).
ELISA analysis
Cellular ALP, OCN, OPN, and RUNX2 levels were quantitatively determined using commercially available ELISA kits (Excellbio, Shanghai, China) based on the manufacturer's instructions. Briefly, adherent MC3T3-E1 cells from different groups were lysed and collected. Next, a total of 100 μl samples were added to the microplate and incubated for 2 h. Then, equal volumes of primary antibodies against ALP, OCN, OPN, or RUNX2 were added to each well and incubated for another 1 h, followed by final incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies for 0.5 h. All the above incubations were performed at 37°C, washing 3 times with TBST after each incubation. The optical density (OD) values at 450 nm were detected using a fluorescence microplate reader (Bio-Rad, Hercules, CA). The aforementioned cellular levels were finally calculated according to the OD values obtained [19] .
Western blot analysis
After treatments, adherent MC3T3-E1 osteoblasts were rinsed with cold PBS and lysed with cold RIPA lysis buffer (Beyotime, China). The resulting cell lysates were collected and centrifuged (12 000×g, 15 min, 4°C). After centrifugation, total protein of each sample was quantified by BCA method (Thermo Scientific, Rockford, IL) according to the instruction of the manufacturer, and boiled in loading buffer (Beyotime, China). Equal amounts of proteins from each sample were then separated on 10% SDS-PAGE gel and transferred to a nitrocellulose membrane (Coring, China) as previously reported [24] . The membrane was blocked with 5% BSA in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 2 h at 37°C and cultured with primary antibody against Sirt1 (1: 1000; Santa Cruz), PGC-1a (1: 1000; Santa Cruz), or b-actin (1: 1000; Beyotime, China) overnight at 4°C. Then, the membrane was exposed to the appropriate IRDye 800CW-conjugated secondary antibodies (1: 5000; LI-COR Bioscience, Lincoln, NE) for 0.5 h at 37°C. Infrared fluorescence bands were visualized using an Odyssey infrared imaging system (LI-COR Bioscience, Lincoln, NE). The obtained bands were finally quantified with Quantity One software (Bio-Rad, Hercules, CA) and ratios of the protein of interest and b-actin were calculated to determine changes in protein levels [25] . 
Statistical analysis
Data were collected from 3 or more independent experiments and are shown as means ± standard deviation (SD). Statistical analyses were performed by one-way ANOVA followed by Tukey's test using GraphPad Prism software (Version 5.01). Statistical significance was set at P<0.05.
Results

LPS-induced mitochondrial dysfunction in MC3T3-E1 cells
To assess the effect of LPS on mitochondrial function in cultured MC3T3-E1, cells were incubated with 0, 0.5, 1, or 2 μg/ ml LPS for 24 h, and biomarkers of mitochondrial dysfunction were then assessed. As shown in Figure 1 , cellular mitochondria function in MC3T3-E1 cells were significantly decreased by LPS in a dose-dependent manner, characterized by decreasing mitochondrial ATP production ( Figure 1A ) and mitochondrial membrane potential ( Figure 1B) , and increasing mitochondrial superoxide production ( Figure 1C ).
Resveratrol improved cellular dysfunctions in LPS-treated MC3T3-E1 cells
As shown in Figure 2A , MTT assay revealed that the decreased cell viability of MC3T3-E1 induced by LPS was markedly increased by RSV (25 μM) treatment. Next, we observed the effect of resveratrol on LPS-inhibited mitochondrial function of MC3T3-E1 cells through detecting ATP production in mitochondria, mitochondrial membrane potential, and superoxide production. We found that resveratrol significantly attenuated mitochondrial dysfunction of LPS-exposed MC3T3-E1 cells. The ATP production in mitochondria ( Figure 2B ) and MMP ( Figure 2C ) were significantly improved in cells treated with resveratrol compared to those in the LPS group, and there was a significant decrease in mitochondrial superoxide production ( Figure 2D ). These results show that resveratrol significantly attenuated the inhibitory influence of LPS on mitochondrial dysfunction.
Resveratrol ameliorated LPS-inhibited osteogenic differentiation in MC3T3-E1 cells
To determine the effect of resveratrol on LPS-inhibited osteogenic differentiation in MC3T3-E1 cells, we detected mRNA and protein level of osteogenic markers, including ALP, OCN, OPN, and RUNX2, through PCR and ELISA methods. We found that resveratrol alleviated the toxic activity of LPS during the differentiation of MC3T3-E1 cells into osteoblasts. In addition, LPS obviously decreased osteogenic differentiation, as indicated by the significantly reduced levels of ALP ( Figure 3A) , OCN ( Figure 3B ), OPN ( Figure 3C ), and RUNX2 ( Figure 3D ). However, administration of resveratrol attenuated LPS-suppressed MC3T3-E1 osteogenic differentiation, with significantly increased levels of osteogenic markers (Figure 3 ).
Resveratrol increased Sirt1 and PCG-1a level in LPStreated MC3T3-E1 cells
The levels of Sirt1 and PGC-1a were measured in MC3T3-E1 cells treated with LPS at the indicated time points. We found that LPS significantly decreased the expression of Sirt1 and PGC-1a, and this was attenuated by resveratrol. Therefore, we added this agent to the LPS-treated MC3T3-E1 osteoblasts, and cellular Sirt1 and PGC-1a levels were determined at the indicated time points. A significant decrease of the 2 proteins was detected in LPS-treated MC3T3-E1 cells compared to those from the vehicle group (Figure 4 ). Both Sirt1 ( Figure 4A ) and PGC-1a were increased in the MC3T3-E1 cells treated with resveratrol ( Figure 4B ). 
Discussion
In the present study, we demonstrated for the first time that resveratrol can alleviate LPS-inhibited osteoblastic differentiation of MC3T3-E1 cells. In addition, resveratrol attenuated MC3T3-E1 cell impairments caused by LPS, especially for mitochondrial dysfunctions.
Bone degradation, characterized by destructive injury to the bone tissues, is clinically characterized by excessive bone resorption. The condition has been thought to be correlated with gram-negative bacterial LPS [26] . It has been well documented that exposure to LPS causes inhibition of osteoblast differentiation [3] [4] [5] . In line with the results of previous studies [27] , we found that osteogenic differentiation was also significantly decreased in MC3T3-E1 exposed to LPS.
Mitochondria are involved in many biological processes. Recent studies have elucidated that normal mitochondrial function is essential for osteogenic differentiation [28] [29] [30] [31] [32] [33] [34] . Dysfunction in mitochondria is associated with the impairment of osteogenesis [31, 32] . The toxic effect produced by LPS was demonstrated to be associated with dysfunction in mitochondria [35] [36] [37] . In the present study, LPS reduced ATP production in mitochondria and MMP of MC3T3-E1 cells, while the superoxide production in mitochondria was increased.
Resveratrol, which is linked to myriad physiological benefits, was reported to possess bone-protective effects, such as stimulating osteoblast differentiation [12, 38] . To the best of our knowledge, the well-established pattern of osteogenic markers generally includes ALP, OCN, OPN, and RUNX2, all of which are related to bone formation and are widely used for indicating osteogenic differentiation [26] . In accordance with previous studies [12, 38] , we observed that resveratrol significantly increased the osteoblastic marker levels in LPS-treated MC3T3-E1 cells, suggesting that resveratrol alleviated LPSinhibited osteoblastic differentiation. It was reported that resveratrol can potently improve mitochondrial function [17] . In the present study, after administrating resveratrol, we found increased mitochondrial ATP and MMP production, as well as a decrease in mitochondrial superoxide production. These results indicate that resveratrol caused a significant improvement of cellular mitochondria function. Mitochondrial function is critical for the regulation of osteogenic differentiation, and mitochondria have been proposed as biological targets of resveratrol [29, 31, 34, 39] . Therefore, the improvement of mitochondrial function and subsequent enhancement of osteogenic differentiation in LPS-treated MC3T3-E1 cells may partly contribute to the bone-protective effect of resveratrol.
Among the various molecular targets of resveratrol, Sirt1 and PCG-1a are intensively studied. Several studies suggested that resveratrol exerts its effects by Sirt1 and PCG-1a [10, 17] , both of which are important regulators in maintaining mitochondrial function [24] . Lagouge et al. demonstrated that resveratrol can increase the activation of Sirt1 and PCG-1a to protect against metabolic disease [17] . However, no convincing data have been presented to date for the mechanisms of its bone-protective action. In the present study, we observed that administration of resveratrol ameliorated LPS-inhibited osteoblast differentiation in MC3T3-E1 cells, which was accompanied by increased cellular Sirt1 and PCG-1a. Given the crucial role of Sirt1 and PCG-1a in maintaining cellular mitochondrial
